. The first one includes stock quotes from before the financial crisis while the second one covers the crisis and changes in the economic situation in post-crisis years. Relationships between stock market indices in developed economies were more frequent and durable than in Central Europe, although they were subject to changes. In our investigation into Granger causality relationships we observed changes in these relationships and in their direction for stock markets in Central Europe, while bidirectional relationships between indices in developed economies remained stable over time. Changes in relationships between indices, in particular long--term interdependences, may result from the impact of the 2008 financial crisis. The increased number of causality relationships for the markets in Central Europe may testify to the advancing integration of the EU common market.
Introduction
The internationalisation of financial market transactions has been observed for several years. The process undergoes only some evolutionary changes and periodically speeds up or slows down [Lothian 2002 ]. In recent years, the 2008 crisis shook the foundations of financial markets leaving clear signs on the monetary and economic policies of many countries [Cukierman 2013 ]. The deep and rapid macroeconomic downturn triggered the use of a number of countercyclical policy instruments that could differentiate the performance of prices of assets across countries [Laeven, Tong 2012] . The last two decades also witnessed the significant growth and development of emerging markets, especially in Central Europe, where 75 it was triggered by political and systemic transformations. The growth of the emerging markets was reflected in increasing internationalization [Tintin 2013 ]. For instance, the biggest stock market in Central Europe, the Warsaw Stock Exchange, reported an increase in the share of foreign investors' stock from 32% in 1996 to 53% in 2016 [GPW 2017 ]. This gave the impulse to examine the relationships between stock market indices in Western Europe, Central Europe, and the United States. Our goal was to investigate the interrelationships among selected stock indices and the impact of the 2008 financial crisis upon the relationships among the stock markets covered by the study.
Literature review
Empirical studies into the relationships between indices in financial markets reveal some dependences and changes in this regard. Hilliard used daily closing prices and showed the relationships between the main indices in global markets [Hilliard 1979 ]. Malliaris and Urrita carried out causality tests for the main stock markets before, during and after the stock market crash of October 1987. They examined relationships among the markets only during the time of crash of 1987 [Malliaris, Urrita 1992] . Smith, Brocato and Rogers, based on weekly rates of return, demonstrated causality relationships among stock markets in the United States, Japan, Germany, and the UK [Smith et al. 1993 ]. Kwan, Sim and Cotsomitis analysed causality relationships of monthly rates of return for nine stock indices worldwide. They stressed that the results challenge the efficient market hypothesis; over the period covered by the study they found evidence of eight significant cointegrations and 30 significant Granger causality relationships [Kwan et al. 1995] . Surveys into interrelationships between stock markets were also conducted based on stock market indices from pre and post-globalisation periods. Masih, Masih examined relationships between the major global stock markets. They demonstrated that the United States market played a significant role in explaining changes in the economic situation in other markets in each of these periods. In the Japanese market a clear shift took place, as a result of which it became clearly independent of the global market performance. On the other extreme of the spectrum, the UK market in the post-globalisation period clearly grew increasingly dependent on changes in economic situation in international markets [Masih, Masih 2002] . Causality relationships between the markets, and especially the powerful impact of the US and UK markets, were also documented in earlier studies by the same authors [Masih, Masih 2001 ]. Syriopoulos investigated the short and long-term relationships between stock markets in Central Europe, Germany and in the United States. Analysis showed cointegration relationships; markets in Central Europe were more strongly related to markets in developed economies than among themselves [Syriopoulos 2004 ]. Yang, Tapon and Sun, based on data for the period 1988-2002, examined correlations between the top eight stock markets for five industries. They concluded that in the period covered by the study correlation among individual countries increased, which was interpreted as the effect of globalisation but it had evolved and was unstable. It was noted that correlation was increasing when price volatility in stock markets was on the rise [Yang et al. 2006] . Studies also focused on the impact of economic integration on relationships among stock markets in different countries. It was found that intense bilateral trade relations increase the correlation of rates of return on indices, and the real fluctuation of exchange rates decreases it [Tavares 2009 ]. There were also analyses of relationships between stock indices in the emerging markets and the S&P500. The US market was found to induce changes in the emerging markets, while reverse relationships were not observed [Ozdemir et al. 2009 ]. Demian examined the impact of EU accessionon cointegration between developed markets and markets from Central and Eastern Europe. He proved that the EU accession had little effect on the links among markets and pointed to financial and economic factors as being much more influential [Demian 2011 ]. Syllignakis and Kouretas demonstrated the especially powerful impact of the developed markets on the emerging markets in times of crisis. They concluded that stock exchanges in Central and Eastern Europe are exposed to the risk of external shocks [Syllignakis, Kouretas 2011] . By analysing the effect of stock indices in the US, UK, and Germany on the WIG and the WIG20, in 1999-2009, attention was drawn to the strong impact of the European financial centres [Augustyński 2011 ]. Evrim-Mandaci and Cagli investigated the relationships between the US stock market and eleven stock markets in Europe at different development levels. Analysis of daily data for 2005-2012 showed similar market performance without confirming any benefits of international diversification [Evrim-Mandaci, Cagli 2012] . Avdulaj, Barunik analysed the profitability of portfolio diversification for the Czech index PX and the German DAX. They showed that over the period 2008-2013 some benefits could be achieved from international diversification, which, however, were not stable time-wise. First, they were gradually increasing up to the end of 2009 to then start decreasing, which is indicative of the differences in economic performance of stock markets in individual countries in the aftermath of the crisis [Avdulaj, Barunik 2013] . They investigated the power of linkages among indices from Central Europe, the DAX and the S&P500. Using daily quotes for the period 2004-2012, it was found that the relationships between emerging markets are sensitive to market performance and links between developed markets are stable [Doman, Doman 2013] . Analyses focused also on the relationships between the indices such as BUX, PX, WIG, and STOXX50, using multi-dimensional GARCH models and data for the years 2001--2011 . Correlations between markets are strong, they intensified after EU accession and remained at unchanged levels during the financial crisis [Gjika, Horvath 2013] . For the period 2004-2014, after Poland joined the EU, interrelationships between the WIG and selected global indices were examined. Interrelationships with indices from Western Europe were relatively stronger than with those from Eastern Europe. Weakened interrelationships were observed after 2012 [Czapkiewicz, Jamer 2015] . We also analysed correlation relationships between stock exchange indices. Relationships were confirmed for all the markets included in the study for 1999-2011. However, the strength of the links differed significantly and the length of time for which the studies were conducted was also a relevant factor. In shorter periods, the links between indices were usually stronger while clearly weakened relationships were observed for extended periods [Hołubowicz 2014 ]. Some analyses focus on the connections between stock quotes in associated stock exchanges. In the case of the French, Belgium, and Dutch stock exchanges brought together under the umbrella of the Euronext alliance, significant relationships and a long-term equilibrium mechanism have been confirmed [Prenzena 2016 ]. Finally, research also addressed the lack of synchronised data for stock quotes from individual markets. Baumohl and Vyrost showed that the mismatch between time series had an effect upon the results obtained from the Granger causality tests, which limited the number of significant relationships [Baumohl, Vyrost 2010] .
The research goal proposed for the paper and the resultsobtained so far have prompted us propose three research hypotheses.
H1 
Research sample and methodology
Relationship analysis for the stock indices was carried out on a sample comprising seven markets. The exercise focused on the links between the rates of return of selected developed stock markets and the stock exchanges in Central Europe. The developed markets were represented by the biggest European stock exchanges, the Paris Bourse and its CAC40 index, the Frankfurt Stock Exchange and its DAX30 index, the London Stock Exchange and its FTS100 index, and the United States stock market with its S&P500 index. The group of Central European markets included three stock exchanges: the Budapest Stock Exchange with its BUX index, the Prague Stock Exchange with PX index and the Warsaw Stock Exchange with its WIG index. Interrelationships were investigated based on data containing daily closing prices, measured with analysed indices. The time series covered indices for the period between 31.12.1997 and 30.12.2016 and contained 4,925 observations. The specificity of individual markets caused a mismatch between the series of data which was the effect of bank holidays, official holidays or exceptional events, such as the 9/11 attacks. To eliminate the negative impact of the mismatch, the series were synchronised [Baumohl, Vyrost 2010] . To make individual time series equal, we assumed that the missing values will be replaced with average values from the neighbouring observations. Such coordinated series of daily closing rates of stock market indices became the basis to identify weekly rates of return. We obtained 985 weekly rates of return for each index.
In order to compare the performance of indices over the period covered by the study, we presented them collectively in Figure 1 . The data series were transformed to achieve an identical transformation scale. We assumed that the value of each index on 31.12.1997 was 1. (31.12.1997-30.12.2016) Source: own elaboration.
Even a superficial analysis of the performance of the indices over time reveals some differences. Until 2009 the indices performed in a rather similar way but later a significant differentiation can be observed when it comes to changes in the stock market situation in individual markets. For instance, there are periods lasting for several months when some markets benefit and some lose. Presumably that is the effect of the global financial crisis, which reached its peak in 2008. The rapid and very deep downturn forced central banks to adopt a series of non-standard instruments of money creation, which some time later was reflected in the prices of assets in financial markets. The lack of coordination between what central banks were doing and the different rate at which individual countries managed to overcome the crisis resulted in the different performance of stock market indices. That is why when analyzing the mutual impact of the stock market indices, we decided to split the research period into before and after the crisis. In such cases we need to identify the cut-off date. In this study we decided that the period before "the global crisis" covers quotes between 31.12.1997 and 25.08.2006 , while the second one starts on 1.09.2006 and goes on until 31.12.2016. The first consequences of the approaching crisis emerged in the financial market in July and August 2007 while some signs of increasing disequilibrium had been visible even earlier, which is why the decision was made to choose August 2006 as the cut-off date for the series covered by the study. As a result, in the first examined period we skipped over several thousand quotes directly preceding the crash in the financial markets, which at that moment could have been already under the influence of the worsening performance of the property market in the United States.
The date of the split of the examined series was selected to take account of the impact of EU accession of Central European countries, which effectively took place two years earlier. Demian claims that EU accession did not influence dependences amongst financial markets in individual countries [Demian 2011 ]. However it seems that a longer period of the study would help in noticing new relationships between the markets. The abolition of administrative barriers and advancing economic integration could have changed the dependences and impact capital transfers between the markets.
The division of the research period was also subject to the structural break test [Chow 1960 ]. The Chow breakpoint showed the lack of stability of indices and justified the division. (7) 0.0000
Null hypothesis: no breaks at specified breakpoints.
Source: own elaboration.
The investigation of the changes in the indices helped us to carry out a general analysis of the dynamics of the changes in the surveyed period (Table 2) . Stock markets are usually highly volatile and unstable, which was also observed in the years covered by the study. Nineteen annual rates of return were calculated which allowed comparing the growth rate for indices and the volatility of stock market performance in consecutive years. For instance, the AGR increased spectacularly by over 30% in 1999 at the peak of the Internet boom or in 2009 when markets recovered after the earlier break down. Yet very significant drops were also visible; in 2008 the indices lost on average as much as 44%. Significant differences were also observed between the indices. When it comes to the expected rate of return from different stock markets, investors are guided by the primary relationship between risk and income. The smaller the market and the more unstable the economy, the higher the Causality analysis between stock market indices 81 risk and expected rate of return. This means that the developed markets in Western Europe and in the United States should have generated lower rates of return than the emerging markets in Central Europe. Generally acclaimed relationships between risk and the rate of return were observed in the surveyed period. The highest annual rates of return were reported for the markets in Hungary and in Poland with the German market ranking third and the Czech stock exchange achieving an average growth only slightly higher than the SPX index. Nevertheless, we must stress that the investigation focused not only on the dynamics of changes in the indices but it also covered the interrelationships between these changes; hence in the next stage of the study we analysed the degree of integration of the examined time series.
To examine the order of integration of time series covered by the study we used the unit root tests ADF and KPSS. The test was carried out for two sub-periods, before and after the crisis. The series of stock market indices used in the analysis were log-transformed. Such transformations are often used in research studies as they may reduce the grouping of variances and make data conform more closely to the normal distribution. We investigated the time series of logarithms of the stock indices and the first differences of the original index series, quoted on a weekly basis. We calculated the weekly logarithmic rates of return Weekly rates of return were computed based on the value of indices at the close of business on Friday in weeks t and t − 1. First, we performed the ADF test [Dickey, Fuller 1979] and then, to confirm the order of integration of the series, the indices underwent the KPSS test [Kwiatkowski et al.1992] . The results are presented in Tables 3 and 4 . The tests demonstrated that the examined series are integrated of order 1. The time series of log-transformed indices were non-stationary in their levels and stationary in their first difference. Next we examined interrelationships between the indices. Cointegration tests were conducted following the Johansen test procedure using the trace test and the maximum eigenvalue test statistic [Johansen 1988 ]. The obtained results provided grounds for selecting models to perform causality tests. Granger causality means that variable X is causal to variable Y if the current values of Y can be predicted more accurately based on past values of variable X [Granger 1969 ]. Granger causality is tested using vector autoregressive (VAR) models and vector error correction models (VECM), depending on cointegration tests and stationarity analysis of time series [Engle, Granger 1987 ]. The VAR model is used to examine Granger causality in stationary series while to conduct Granger causality tests for non-stationary but cointegrated series, we need to use the VECM. If the series of levels are nonstationary and non-cointegrated, a Granger causality test is performed using the VAR model for the series of first differences, however, under the assumption of their stationarity.
The models for the investigated series in the two sub-periods that have been selected following stationarity and cointegration tests were error correction or vector autoregression models for variable increments. The examined relationships were described with the following VECM model: In the last stage, we performed the Granger causality Wald test to examine causal relationships between the indices based on the estimated VECM and VAR models. Cointegration and estimates of parameters of models that describe interrelationships between the time series of stock market indices were investigated using the EViews software.
Results
When examining the changes in relationships between stock market indices produced by the 2008 financial crisis, we divided the time series into two periods: from January 1998 until August 2006 and from September 2006 until December 2016. For each of them we conducted a cointegration analysis for the indices included in the analysis and performed Granger causality tests. Following the above presented research methodology, we started with the Johansen test, which helped us choose the model to be used for relationship analysis. If a row of matrix in the Johansen test was The null hypothesis for the trace test: the number of cointegration vectors is r = r* < k; the alternative r = k. The null hypothesis for the "maximum eigenvalue" test: the number of cointegration vectors is r = r*; the alternative r = r* + 1. Testing proceeds sequentially for r* = 1, 2, etc. and the first non-rejection of the null is taken as an estimate of r.
Causality analysis between stock market indices 85 equal to zero, we used the VAR model for variable increments, if a row was equal to one, we used the VECM model.
In the first investigated period before the crisis, the Johansen test revealed 11 cointegrations between the stock market indices (Table 5) . Long-term interrelationships between the indices were particularly clear in developed markets. All of the indices from Western Europe included in our study, the CAC, DAX, FTS, and the United States index SPX, were cointegrated. This was indicative of the powerful long-term relationships and similar back-track performance of these stock markets in the investigated period. Long-term interrelationships for the markets in Central Europe were not so obvious. Cointegration was observed between the PX and the WIG as well as the PX and the BUX indices, while no meaningful long-term relationships were found between the Polish and Hungarian stock market indices. There were also some rather scarce interrelationships between the indices of the developed and the emerging markets. The BUX index was cointegrated with the French CAC and the German DAX while the WIG was cointegrated with the CAC. It showed weak long-term relationships between the stock market indices from Central Europe and the developed stock markets.
In investigating relationships between the stock market indices before the 2008 financial crisis, we also used the Granger causality analysis. The results are presented in Table 6 . We managed to capture 7 bidirectional and 9 unidirectional relationships. Bidirectional causal relationships were observed mainly between the stock market indices in the developed markets. The only case when it was absent concerns the CAC and FTS indices. This means there are powerful causality links between the biggest stock markets in Western Europe and in the United States of America. Bidirectional causal relationships were also observed between the CAC and the BUX, as well as the CAC and the WIG. Notably, causality links between the stock market indices in Central Europe are rather limited. There were only two unidirectional relationships, where the BUX affected the PX and the PX affected the WIG. On top of that, we noted causal relationships between stock market indices in advanced economies and some stock market indices from Central European countries. Besides the above mentioned bidirectional relationships with the CAC index, there were also unidirectional relationships. In the Granger sense, the cause for the changes in the BUX and the WIG indices should be looked for in the DAX and the SPX indices. Unidirectional causal relationships were also reported for the FTS index. This inclined us to believe that in the period before the 2008 crisis, stock markets in Poland and in Hungary maintained rather close causal relationships with the stock markets in Western Europe and in the United States and responded to changes in the performance of the stock markets in advanced economies.
The next stage focused on examining long-term interrelationships between the stock indices from September 2006 to December 2016. The Johansen test revealed six cointegrations between the examined indices ( Table 7) . The number of long-term interrelationships was clearly smaller than the one observed before the crisis. Only Notes: chi-square statistics for pairwise Granger causality tests; figures in parentheses indicate p-value; * -significant at the 10% level; ** -significant at the 5% level; *** -significant at the 1% level; the Granger causality test -carries out pairwise Granger causality tests and tests whether an endogenous variable can be treated as exogenous.
Source: own elaboration. three cointegrations were found between the stock market indices in the advanced economies. Long-term interrelationships were found for the DAX and the CAC, the DAX and the FTS, as well as the DAX and the SPX. When it comes to the stock markets in Central Europe, no meaningful interrelationship was detected between the investigated stock indices. Yet we documented three cointegrations between the indices in the developed countries and the emerging markets. Long-term interrelationships were identified between the WIG and the DAX, the WIG and the SPX, as well as the PX and the DAX. The results of the analysis were indicative of the changes in the observed interrelationships between the stock markets that took place after the 2008 crisis, in particular in Western European countries and in the United States. It confirmed significant changes in the economic situation in individual stock markets. We may assume that this was triggered by the differences in the course of the financial crisis in individual countries. The null hypothesis for the trace test: the number of cointegration vectors is r = r* < k; the alternative r = k. The null hypothesis for the "maximum eigenvalue" test: the number of cointegration vectors is r = r*; the alternative r = r* + 1. Testing proceeds sequentially for r* = 1, 2, etc. and the first non--rejection of the null is taken as an estimate of r.
88
Paweł Sekuła ; * -significant at the 10% level; ** -significant at the 5% level; *** -significant at the 1% level; the Granger causality test -carries out pairwise Granger causality tests and tests whether an endogenous variable can be treated as exogenous.
The Granger causality carried out in the second research period showed eleven bidirectional and seven unidirectional relationships (Table 8 ). For causal relationships we observed some differences between the indices compared to the period from before the 2008 crisis. The number of causal relationships slightly increased and major changes took place in the stock exchanges from Central Europe. Bidirectional causal relationships were found for the BUX, the PX, and the WIG, while in the previous research period no bidirectional relationship was observed. Bidirectional relationships reoccurred between the stock markets in Western Europe and in the United States, confirming strong mutual causality between the CAC, the DAX, and the SPX existing regardless of the economic situation. Our analysis revealed some changes in the Granger causality relationships between the stock market indices in Central Europe and in advanced economies. The stock market indices from developed countries -Western Europe and the United States -clearly influenced the BUX index and were reasons behind its fluctuations. In turn, changes in the PX index were induced by the DAX. Bidirectional relationships were observed between the PX and the FTS as well as the WIG and SPX indices. The observed causal relationships between stock indices in developed economies and in Central Europe emerged as a new phenomenon triggered, in terms of Granger causality, by the PX and WIG indices. Summing up observations in the second research period we may say that causal relationships between the stock indices in Western Europe and in the United States have been maintained, while many changes were observed in the relationships concerning the markets in Central Europe. In all three emerging markets we identified mutual bidirectional relationships indicative of stronger causal relationships. The number of causal relationships between the stock markets in the developed economies and in Central Europe increased testifying to the advancing economic integration.
Conclusion
When analyzing interrelationships between selected stock market indices in Western Europe, Central Europe, and in the United States we divided the time series into two periods: from January 1998 to August 2006, and from September 2006 to December 2016. The first period covered stock market quotes from before the financial crisis; the second one took account of the crisis and changes in the economic situation over the years following the crisis. Thus, we were able to compare changes in relationships between the indices in the analyzed periods. We performed a cointegration analysis following the Johansen procedure and the Granger causality Wald test.
Significant linkages were reported for long-term interrelationships between the analyzed indices. In the first investigated period we revealed eleven, and in the second period six cases of cointegration. This was indicative of long-term interrelationships between selected indices and of some changes in these interrelationships before and after the crisis. Long-term interrelationships were observed primarily between the stock indices in the developed countries, but the number of observed relations was significantly reduced in the second period. Before the crisis all the indices in the developed countries were cointegrated, while in the second period only three significant interrelations were observed. The changes also concerned interrelations between the stock market indices in Central Europe; before the crisis two cointegrations were observed and none in the second period. The changes also involved interrelationships between the stock market indices in Western Europe and in Central Europe. We revealed three cointegrations in each of the two periods but the relationships in each period concerned different indices which allowed us to confirm the first and the third hypotheses about the long-term interrelationships between some stock indices and their evolution over time.
The findings from our investigation confirmed Granger causality between the stock indices included in the study. Before the crisis, seven bidirectional and nine unidirectional relationships were reported. Bidirectional causality relationships were observed between all indices in the developed countries with the exception of one pair of indices: the CAC and the FTS, where unidirectional relationship was detected. In the case of stock exchanges in Central Europe, causal relationships were restricted; there were only two unidirectional relationships. Causal relationships were revealed also between the BUX and the WIG indices and indices in advanced economies. In this case unidirectional relationships dominated and changes in the stock markets in Budapest and in Warsaw were triggered by changes in the stock exchanges in Western Europe and in the United States. In the second research period there were eleven bidirectional and seven unidirectional relationships. In comparison with the period before the crisis, the deepest changes took place in the stock exchanges in Central Europe. Bidirectional relationships were observed between all the indices in the region while earlier only two unidirectional relationships were reported. In the case of stock exchanges in advanced economies, there was causal relationship between the majority of the investigated indices confirming relationships, which turned out to be stable, regardless of the period. Clear changes took place in causal relationships between the stock indices in the advanced economies and in Central Europe. In some cases the directions of earlier observed relationships changed and only for the BUX index we could maintain the view that stock exchanges in developed countries influenced changes in the performance of the Hungarian stock exchange. The results of the analysis helped us adopt hypothesis H2 about causal relationships between some indices included in the study. When it comes to hypothesis H3 about changes in causal relationships we may say that most of these relations were unstable in time, but we must stress that some indices from the developed countries maintained the same bidirectional causality relationships in both periods of the study.
This analysis belongs to research on the relationships between stock indices and investigates the effect of the 2008 financial crisis for relationships observed between selected indices from Western Europe, Central Europe and the United States. The results show that relationships between the stock indices in the developed countries were more numerous and durable than between the stock indices in Central Europe but they were subject to some fluctuations. The relationships between the indices from the developed countries and from Central Europe also fluctuated. Instability over time was most clear for long-term interrelationships; out of the eleven cointegrations in the first research period only three survived and remained unchanged. Instability in long-term relationships may be the effect of the 2008 financial crisis. The changing course of the crisis in individual countries and differences in monetary policies resulted in the diverse performance of individual stock markets [Laeven, Tong 2012] . In the analysis of causal relationships in the Granger sense we also observed changes in relationships and their directions. However, we need to stress the presence of bidirectional relationships between indices in the developed economies that are stable over time. Major changes in causal relationships also emerged in Central European markets after 2008. New bidirectional relationships were observed between the emerging markets covered by the study, which is indicative of their advancing integration within the EU. The amount of causal relationships with developed markets also increased which should be seen as evidence of the strengthening links between the markets of Central Europe and the developed countries. The obtained results revealed new dependences because earlier studies did not report changes in links amongst markets in Central Europe [Demian 2011 ].
